Background: PINK1 mutations affect mitochondrial homeostasis and cause Parkinson disease. Results: PINK1 is phosphorylated on the outer mitochondrial membrane. We show here that phosphorylation of serines 228 and 402 increases the capacity of PINK1 to phosphorylate its substrates Parkin and Ubiquitin. Conclusion: PINK1 phosphorylation regulates its kinase activity. Significance: Understanding PINK1 regulation is pivotal to unravel its mitochondrial function.
Protein phosphorylation regulates enzymatic activity and signal transduction in the cell. Impaired phosphorylation contributes to many diseases, including the neurodegenerative disorder Parkinson disease (PD). 4 Several genetic forms of PD are caused by mutations in kinase-encoding genes (1), including PTEN-induced putative kinase 1 (PINK1, GeneID 65018). PINK1 encodes a serine/threonine kinase with a mitochondrial targeting sequence, and mutations in this gene are linked to early-onset recessive PD (2) . Cellular and animal loss of PINK1 function models show defects in mitochondrial homeostasis (3) (4) (5) , impaired stress response (6 -8) , decreased oxidative phosphorylation (9 -12) , and defects in mitochondrial trafficking (13, 14) , dynamics (15) (16) (17) and quality control (18, 19) .
One of the most studied roles of PINK1, however, is the regulation of mitophagy, the autophagic removal of defective mitochondria (18, 19) . Depolarization triggers the accumulation of PINK1 on the outside of the mitochondria (18) where it phosphorylates Parkin, a PD-linked E3 ubiquitin ligase (20) , Ubiquitin (21) (22) (23) , and Mitofusin 2 (24) . This leads to ubiquitination of the defective organelle and mitophagic removal.
Recently, PINK1 has been reported to be autophosphorylated upon depolarization, hinting at a possible activation mechanism (25, 26) . Different residues have been identified as autophosphorylation sites after CCCP-induced mitochondrial membrane depolarization, namely Ser-228, Thr-257, and Ser-402 (20, 27) . Two residues, Ser-228 and Ser-402, appear to be involved in PINK1 dimerization and Parkin recruitment (27, 28) . A fourth putative phosphorylation site in PINK1 is Thr-313, a residue that is regulated by the activity of microtubule affinity regulating kinase 2 (MARK2) (29, 30) .
Although understanding the regulation of PINK1 activity is pivotal to interpret how PINK1 executes its different functions in both healthy and depolarized mitochondria, it remains rather unclear how and where in the cell phosphorylation at any of these four sites occurs and regulates PINK1 catalytic activity.
In this study, we analyze the phosphorylation status of PINK1 under basal and depolarizing conditions at the mitochondria and employ an in vitro kinase assay using purified human PINK1 to measure (auto)phosphorylation. We find that the previously identified phosphorylation sites Ser-228, Thr-257, Thr-313, and Ser-402 vary dramatically in their involvement in autophosphorylation and in their roles in regulation of PINK1 kinase activity and substrate phosphorylation in vitro. We further investigate the consequences of PINK1 phosphorylation for Parkin recruitment.
EXPERIMENTAL PROCEDURES
Plasmids-Full-length cDNA of human PINK1 was obtained from Origene and cloned into pcDNA3.1-V5/His-TOPO according to the protocol of the manufacturer (Invitrogen). The 3ϫFLAG/Strep tag was amplified via PCR (31) and cloned on the C terminus of PINK1 in the pcDNA3.1 vector. Mutant PINK1 constructs were generated by QuikChange II XL sitedirected mutagenesis (Agilent Technologies) according to the guidelines of the manufacturer. To obtain kinase-inactive (KI) PINK1, lysine 219 in the ATP-binding pocket and aspartic acid 362 in the catalytic core were both mutated to alanine (K219A/ D362A). For each of the reported phosphosites on PINK1 (serine 228, threonine 257, threonine 313, and serine 402), constructs were generated with mutations to aspartic acid or glutamic acid (phosphomimetic) and alanine (phosphodead), referred to as S228D, S228E, and S228A, etc. PINK1 harboring a mutation at each of these four sites is referred to as quadruple mutant PINK1 (4ϫD, 4ϫE, and 4ϫA). PINK1 phosphomutants were also cloned into the pMSCV retroviral vector. A truncated form (⌬N) of PINK1 in pcDNA3.1 was created by PCR amplification of the PINK1 sequence from amino acids 113-581 and subsequent TOPO cloning according to the instructions of the manufacturer (Invitrogen).
The Ubiquitin-like binding domain (Ubl) of Parkin was obtained by PCR amplification of amino acids 1-108 from the pCMV-Parkin plasmid (Origene). The PCR product was further cloned into pGEX-4T-1 (Addgene) in-frame with the N-terminal GST-tagged fusion construct. All plasmids were confirmed by performing sequencing analysis.
Cell Culture and Stable Cell Lines-HEK, HeLa, COS, and mouse embryonic fibroblast (MEF) cells were cultured at 37°C with 5% CO 2 in Dulbecco's modified Eagle's medium/F-12 containing 10% fetal bovine serum (Invitrogen). HEK, COS, and HeLa cells were transfected using TransIT transfection reagent (Mirus Bio) according to the instructions of the manufacturer. Briefly, 1 g of DNA plasmid per 3 l of transfection reagent ratio was used. Stable cell lines expressing PINK1 harboring WT or quadruple mutant PINK1 were generated by retroviral transduction of immortalized MEFs derived from PINK1 KO mice (9) and PARL KO mice (32) . At 30 -40% confluence, the MEFs were transduced using a replication-defective recombinant retroviral expression system (Clontech) with either WT or quadruple mutant PINK1-FLAG in the PINK1 KO MEFs, and PINK1-V5 in the case of PARL KO MEFs. Cell lines stably expressing the desired proteins were selected on the basis of their acquired resistance to 5 g/ml puromycin.
PINK1 KO HeLa cells were generated using clustered regularly interspaced short palindromic repeats/Cas technology (33) . A target sequence was selected from the first exon spanning the start codon of PINK1 (CGCCACCATGGCGGTGC-GAC). This target sequence was cloned in pX330-U6-Chimeric_ BB-CBh-hSpCas9 (Addgene), and the plasmid was transfected in WT HeLa cells. Transfected cells were seeded at single cell density, and PINK1 expression in each clone was analyzed via Western blot analysis. Selected clones in which PINK1 expression was absent were subjected to MiSeq Next Generation sequencing analysis (Illumina) for the PINK1 gene sequence and the top five off-target regions in the HeLa genome for the clustered regularly interspaced short palindromic repeats guide RNA. Results showed an 84-bp deletion spanning the start codon of PINK1 on all chromosomal copies. The five strongest predicted off-targets sites in the HeLa genomic DNA were not cleaved by Cas9.
To induce mitochondrial membrane depolarization, MEF, HEK, and HeLa cells were treated with 10 M CCCP for 3 h. Proteasomal inhibition was induced by treating MEF cells with 10 M lactacystin for 3 h.
Mitochondrial Fractionation-Cells were collected and homogenized in isolation buffer (10 mM Tris-MOPS (pH 7.4), 0.5 mM EGTA-Tris (pH 7.4), and 0.2 M sucrose) at 1000 rpm using a Teflon pestle for 30 strokes. Cell debris was pelleted at 600 ϫ g for 10 min. The supernatant (postnuclear or homogenate fraction) was centrifuged at 7000 ϫ g to separate the mitochondrially enriched fraction (pellet) from the mitochondriadepleted or cytosol-enriched fraction (supernatant). The pellet was subsequently washed in isolation buffer and recentrifuged at 7000 ϫ g for 10 min. Protein concentration was measured using a Bradford assay (Thermo Scientific). Na 2 CO 3 Extraction-Na 2 CO 3 extraction of the mitochondrial fraction was performed by resuspending a three times snap-freeze-thawed mitochondrial pellet in freshly prepared Na 2 CO 3 (0.1 M, pH 11.5). After incubation on ice for 30 min, membrane-associated proteins were separated by centrifugation at 100,000 ϫ g for 30 min. The pellet was resuspended in 0.1 M Na 2 CO 3 (pH 11.5) and subjected to an incubation on ice and centrifugation (34) . Supernatants (containing extracted proteins) of both centrifugation steps were pooled, and the pellet was resuspended in STE buffer (0.1 M NaCl, 10 mM Tris-HCl (pH 8.0), and 1 mM EDTA (pH 8.0)) containing 1% Triton X-100 and protease inhibitors (Roche).
Proteinase K Accessibility Assay-Mitochondria were subjected to proteinase K (PK) digestion (35) . Briefly, 100 g/ml PK (Roche) was applied under the following buffer conditions: isolation buffer (10 mM Tris-MOPS (pH 7.4), 0.5 mM EGTA-Tris, and 0.2 M sucrose) and hypotonic medium (20 or 2 mM HEPES as indicated) with or without 0.3% Triton X-100. All samples were incubated with end-over-end rotation at 4°C for 30 min. PK was inactivated, and proteins were precipitated with tricholoroacetic acid (Sigma). All samples were incubated for 15 min at room temperature in tricholoroacetic acid at 10% final concentration. After centrifugation at 20,000 ϫ g for 10 min, protein pellets were resuspended in lithium dodecyl sulfate sample buffer (Invitrogen) with 4% ␤-mercaptoethanol and adjusted to neutral pH using Tris-HCl (pH 11).
Protein Dephosphorylation-Mitochondrially enriched fractions were lysed in PBS with 1% n-dodecyl ␤-D-maltoside and protease inhibitors (Roche). The mitochondrial lysate was incubated at 30°C for 1 h with 200 units protein phosphatase (LPP) in a total reaction volume of 50 l following the instructions of the manufacturer (New England Biolabs). Purified PINK1 bound to FLAG beads was dephosphorylated either prior to or after the in vitro kinase assay by incubation at 30°C for 15 min with 800 units of LPP (New England Biolabs) in a total volume of 20 l.
SDS-PAGE and Immunoblotting on Tris Acetate and PhosTag Gels-Proteins were separated by SDS-PAGE on NuPage 7% Tris acetate gels (Invitrogen) according to the instructions of the manufacturer. Gel electrophoresis was performed at 150 V for 1 h 20 min to allow optimal separation of different PINK1 forms.
For analysis on Phos-Tag gels, samples were incubated for 10 min at 70°C in Tris/glycine SDS sample buffer (Invitrogen) with 4% ␤-mercaptoethanol. Resolution gels with 7.5% acrylamide (Acryl/Bis 29:1), 50 M Phos-Tag TM AAL-107 (Wako Chemicals) and 100 M MnCl 2 were casted according to the instructions of the manufacturer, including 4.5% acrylamide stacking gels. Mn 2ϩ -Phos-Tag TM interacts with phosphorylated proteins, altering their migration pattern. Prior to transfer to a polyvinylidene difluoride membrane, gels were washed for 10 min with gentle shaking in transfer buffer containing 1 mM of EDTA to eliminate the manganese.
The following antibodies were used at the indicated dilutions: mouse anti-FLAGM2 (Sigma, 1:5000 dilution), mouse anti-V5 (Invitrogen, 1:5000 dilution), rabbit anti-PARL (Ref. 32, 1:5000 dilution), rabbit anti-PINK1 (catalog no. BC100-494, Novus Biologics, 1:1000 dilution), mouse anti-HSP60 (BD Biosciences, 1:5000 dilution), rabbit anti-HtrA2 (R&D Systems, 1:1000 dilution), rabbit anti-TOM20 (Santa Cruz Biotechnology, 1:1000 dilution), rabbit anti-GST (Invitrogen, 1:5000 dilution), mouse anti-His (Invitrogen, 1:2000 dilution), mouse antiUbiquitin (Santa Cruz Biotechnology, 1:2000 dilution), and goat anti-mouse HRP and goat anti-rabbit HRP (Bio-Rad, 1:10,000 dilution). Signals were detected using ECL chemiluminescence with a Fujifilm LAS-4000 imager.
Purification of Active PINK1 and in Vitro Kinase Assay-The procedure for PINK1 purification and the kinase assay was adapted from (36) . Briefly, COS cells were transfected with pcDNA-3.1-hPINK1-3ϫFLAG/Strep using TransIT transfection reagent (Mirus Bio) according to the instructions of the manufacturer. 48 h after transfection, cells were harvested and lysed in 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM NaF, 1 mM MgCl 2 , 1 mM MnCl 2 , 0.5% Igepal, mammalian protease inhibitors (Sigma), Complete protease inhibitor (Roche), 50 mg/liter DNase, 50 mg/liter RNase, and 1 mM DTT and homogenized using a 22-gauge needle in 5 strokes. After 25 min of centrifugation at 20,000 ϫ g, the cleared lysate was incubated with FLAG magnetic beads (Sigma) at 4°C for 45 min. The unbound fraction was separated by magnetic force and removed, and the beads were washed two times in lysis buffer, followed by three washes with kinase assay buffer (50 mM TrisHCl (pH 7.5), 150 mM NaCl, 10 mM MgCl 2 , 3 mM MnCl 2 , and 0.5 mM DTT).
Kinase assays were performed immediately after purification, with PINK1-FLAG bound on beads and 1-2 g of recombinant substrate protein and 100 M ATP containing 5Ci [␥ 32 P]ATP in kinase assay buffer containing 10 mM DTT for autophosphorylation and Parkin substrate phosphorylation or 0.5 mM DTT for ubiquitin substrate phosphorylation. Reactions were incubated at 22°C while shaking at 14,000 rpm for 1 h. After incubation, PINK1 was eluted from the beads by incubation in NuPage lithium dodecyl sulfate sample buffer (Invitrogen) with 4% ␤-mercaptoethanol at 70°C for 10 min and vortexing twice. The samples were separated by SDS-PAGE electrophoresis and transferred onto a PVDF membrane. Incorporation of radiolabeled phosphor was assessed via a storage phosphor screen and development on Typhoon FLA-7000.
Substrate Expression and Purification-BL21 bacteria were transformed with N-terminally GST-tagged Ubl Parkin in pGEX-4T-1, where protein expression was induced using 100 M isopropyl 1-thio-␤-D-galactopyranoside, and bacteria were incubated at 37°C with 280 rpm for 2 h. Bacterial pellets were lysed in 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 2 mM EDTA, 0.1% ␤-mercaptoethanol, 0.2 mM PMSF, and 1 mM benzamidine and purified using glutathione-Sepharose TM 4B (GE Healthcare) according to the instructions of the manufacturer.
The Ubiquitin-His substrate was obtained commercially from Sigma-Aldrich. The quality and purification of all substrates was assessed via SDS-PAGE followed by Coomassie staining and immunoblotting with anti-GST and anti-His for Ubl Parkin and Ubiquitin, respectively.
Parkin Recruitment-HeLa cells were seeded on 13-mm coverslips and transfected at Ϯ60% confluence with Parkin-GFP and pMSCV-hPINK1-3ϫFLAG plasmids. 24 h after transfection, cells were treated with 10 M CCCP for 3 h or an equivalent volume of DMSO as a control. Cells were washed three times in PBS, fixed in 4% paraformaldehyde for 20 min, washed three times in PBS, and permeabilized in 0.1% Triton X-100 in PBS for 10 min, followed by three washes in PBS. Cells were blocked in blocking buffer (0.2% gelatin, 2% fetal bovine serum, 2% BSA, 0.3% bovine serum albumin, 0.3% Triton X-100 in PBS) with 5% donkey serum (Jackson ImmunoResearch Laboratories) for 1 h. They were stained using the following primary antibodies at the indicated dilutions: 1:500 Turbo-GFP (Evrogen), 1:500 FLAGM2 (Sigma), and 1:500 cytochrome c (Sigma) for 2 h. After three washes in PBS, they were incubated with secondary antibodies: 1:500 Alexa Fluor 647 donkey antimouse, Alexa Fluor 555 donkey anti-sheep, and Alexa Fluor 488 donkey anti-rabbit (Invitrogen). Images were acquired on a Zeiss LSM confocal microscope using a ϫ60 objective and analyzed with ImageJ software.
Statistical Analysis-The statistical significance of differences between a set of two groups was evaluated using one-way analysis of variance followed by post hoc Dunnett's test (*, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ns, nonspecific). Results are depicted as mean Ϯ S.E. of a minimum of three independent replicates.
RESULTS

PINK1 Is Phosphorylated at the Outer Mitochondrial
Membrane-PINK1 accumulates under different conditions and has been reported to be phosphorylated upon depolarization (27, 37) . To clarify how exactly PINK1 processing and Phosphorylation Regulates PINK1 Catalytic Activity phosphorylation are related, we expressed human PINK1 with a C-terminal FLAG tag in HEK293T cells and analyzed its expression pattern in the postnuclear cell homogenate (H), the mitochondrially depleted or cytoplasm-enriched (C), and the mitochondrially enriched (M) fractions (Fig. 1B) . Under basal conditions, full-length (FL) PINK1 is targeted to the mitochondria, where it is processed by mitochondrial processing peptidase (MPP) (38) , resulting in the cleavage of the mitochondrial targeting sequence (MTS) and the detection of ⌬MTS PINK1 in the mitochondrial fraction. Subsequent N-terminal processing by other proteases, including PARL and m-AAA (matrix-localized ATPases associated with diverse cellular activities) (38 -40) , leads to the appearance of further processed PINK1 forms ⌬N1 and ⌬N2 PINK1 (Fig. 1, A and B) . When mitochondria are depolarized using 10 M of the uncoupler CCCP, FL PINK1 accumulates in the mitochondrial fraction, accompanied by a decrease in the levels of processed ⌬MTS and ⌬N1 PINK1. However, a strong increase of a higher molecular weight form of PINK1 is observed specifically in the mitochondrial fraction (Fig. 1B) . This represents phosphorylated full-length (P-FL) PINK1 (20, 27) .
Dephosphorylation of mitochondrial lysate from CCCPtreated cells with LPP confirms that this PINK1 form is phosphatase-sensitive (Fig. 1C, top panel) . Moreover, when we separate the same samples on a Phos-Tag gel in which negatively charged phosphorylated proteins migrate more slowly because of their interaction with the Mn 2ϩ -Phos-Tag TM complex conjugated with the polyacrylamide gel, we strongly increase the resolution between phosphorylated and non-phosphorylated FL PINK1 (Fig. 1C, bottom panel) . The altered migration pattern on the Phos-Tag gel and the clear decrease in intensity of the phosphorylated versus the non-phosphorylated PINK1 upon LPP treatment suggest that, despite the detection of residual LPP-insensitive PINK1, the higher molecular weight band represents phosphorylated PINK1.
KI PINK1, catalytically inactivated by two mutations, K219A and D362A in the ATP-binding pocket and catalytic core, respectively (25) , is also enriched in the mitochondrial fraction upon depolarization using CCCP (Fig. 1B, KI PINK1 ). However, no phosphorylated PINK1 is detected, indicating that the observed phosphorylation event is dependent on PINK1 kinase activity ( Fig. 1 
, B and C, KI PINK1).
Although CCCP treatment leads to a strong accumulation of this phosphorylated form of PINK1, we nevertheless detected low amounts of phosphorylated PINK1 in control conditions, especially when enriching for mitochondria ( Fig. 1, B , sixth lane, and D, third lane). This suggests that the increased intensity of the phosphorylated band after CCCP treatment reflects the general accumulation of PINK1 as a consequence of the decreased import of PINK1 into the mitochondria under those conditions and not necessarily induction of phosphorylation per se. Indeed, when we blocked the rapid degradation of processed PINK1 by treating cells with the proteasomal inhibitor lactacystin, we not only observed a robust accumulation of ⌬N1 PINK1, known to be degraded in a proteasome-dependent manner (41), but we also saw a modest increase in phosphorylated FL PINK1 (Fig. 1D) . Via Phos-Tag gels we obtained a better resolution of the phosphorylated PINK1 (Fig. 1D , bottom panel). The detection of phosphorylated PINK1 under DMSO control and lactacystin treatment conditions confirms that PINK1 phosphorylation occurs in the absence of CCCP treatment.
To verify that phosphorylated PINK1 is located at the mitochondrial outer membrane (MOM), we used a PK sensitivity assay (35) . We isolated mitochondria from PINK1 KO MEFs rescued by stable PINK1-FLAG expression. First we added PK to purified mitochondria in isotonic buffer, which led to digestion of proteins at the outer leaflet of the MOM. Under these conditions, phosphorylated FL PINK1 is indeed accessible and degraded by PK, as is the MOM-associated protein TOM20 (Fig. 1E) . Digestion in hypotonic 2 mM HEPES buffer, which caused the rupture of the MOM by osmotic shock, made all proteins from the intermembrane space, the inner leaflet of the MOM, and, finally, the outer leaflet of the mitochondrial inner membrane accessible to PK but preserved the remaining mitoplast, consisting of the matrix and mitochondrial inner membrane. Although intermembrane space-localized HtrA2 was degraded under these conditions, no further digestion of PINK1 was observed, indicating that the residual pool of PINK1 was associated with the mitoplast. This was confirmed in the third step of the experiment, where all membranes were solubilized using detergent, and addition of PK resulted in full degradation of all PINK1 protein forms and the matrix protein HSP60 (Fig. 1E) . We therefore conclude that phosphorylated PINK1 is mainly localized at the MOM, whereas non-phosphorylated FL PINK1 is partially protected inside the mitoplast.
The PARL protease, located in the mitochondrial inner membrane, is implicated in the processing of PINK1 (37) (38) (39) (40) . Stable expression of C-terminal V5-tagged PINK1 in WT and PARL KO MEFs shows the specific accumulation of ⌬MTS PINK1 in the absence of PARL (Fig. 1F) , confirming that MPPprocessed PINK1 and not FL PINK1 is the substrate for PARL cleavage (38) . We also find an altered pattern of further processed C-terminal PINK1 fragments (Fig. 1F, processed forms) . We reasoned that studying PINK1 under basal and depolarizing conditions in PARL KO cells, where we observed much higher levels of ⌬MTS PINK1, could unequivocally confirm the submitochondrial localization of this PINK1 form in the intermembrane space and matrix.
When we examined PK susceptibility in mitochondrial fractions obtained from PARL KO MEFs, we observed high levels of ⌬MTS PINK1 in the presence of PK under both isotonic and hypotonic conditions (Fig. 1G) . Only when detergent was added and proteins localized inside the mitoplast became accessible to PK was ⌬MTS PINK1 degraded. These results demonstrate unambiguously that ⌬MTS PINK1 is indeed protected in the mitoplast. Moreover, CCCP treatment in PARL KO cells led to the accumulation of phosphorylated and nonphosphorylated FL PINK1 at the MOM, which is sensitive to PK, while, at the same time, a reduction in the amount of accumulated ⌬MTS was observed under these conditions, indicating that transport of PINK1 into the matrix was blocked (Fig.  1G, right panel) .
On the basis of these results, we propose that FL PINK1 is phosphorylated at the outer mitochondrial membrane prior to mitochondrial import and processing by MPP and PARL. This phosphorylation event is independent of mitochondrial membrane depolarization induced by CCCP, but, as a consequence of import blockage, phosphorylated PINK1 accumulates on depolarized mitochondria.
The Putative PINK1 Phosphorylation Sites Are Not Involved in Its Mitochondrial Processing or Localization-PINK1 has been reported to be phosphorylated on at least four different residues: Ser-228, Thr-257, Thr-313, and Ser-402 (20, 27, 29) . To verify the role of these residues, we made a 4ϫA quadruple mutant PINK1 construct in which all four sites are mutated to an alanine, and we assessed the accumulation of phosphorylated PINK1 under CCCP-induced depolarization conditions. The 4ϫA quadruple mutant PINK1 was processed by MPP to ⌬MTS PINK1 under basal conditions, and FL 4ϫA PINK1 accumulated upon CCCP treatment. It is also clear that phosphorylation of this phosphomutant is affected when compared with WT PINK1 (Fig. 2A) , confirming that at least one of these four sites is important for the phosphorylation of PINK1 to occur. Furthermore, it follows that phosphorylation at none of these four residues is required for accumulation of PINK1 upon mitochondrial depolarization.
To exclude that the observed effect on PINK1 phosphorylation is due to mislocalization of the quadruple mutant PINK1, we analyzed its mitochondrial and submitochondrial localization and processing using two different complementing techniques. We first treated purified mitochondria with Na 2 CO 3 at pH 11.5 to determine the membrane association of the different forms of PINK1. The Na 2 CO 3 treatment converts closed vesicles to open membrane sheets, releasing content proteins and peripheral membrane proteins (34) . We observed that the majority of PINK1, including the phosphorylated form of PINK1, was resistant to this treatment and followed the pattern of the membrane-associated protein TOM20 (Fig. 2B, WT) . In contrast, the soluble matrix protein HSP60 and intermembrane space-located HtrA2 are extracted. Therefore, PINK1 remains strongly associated with the mitochondrial membrane. Interestingly, not only the 4ϫA mutant, but also quadruple mutant PINK1 harboring phosphomimetic mutations to aspartic acid (4ϫD) and glutamic acid (4ϫE), phenocopy the PINK1 wildtype form upon Na 2 CO 3 treatment (Fig. 2B) .
To further distinguish between inner and outer membraneassociated proteins, we performed a PK susceptibility assay. For both phosphomimetic 4ϫD and 4ϫE, and for phosphodead 4ϫA mutant PINK1, we observed PK susceptibility patterns that were comparable with the pattern obtained for WT PINK1 (Fig. 2C) .
The fact that quadruple PINK1 mutants show no changes in Na 2 CO 3 extraction or PK digestion pattern indicates that loss of phosphorylation of the 4ϫA phosphodead mutant is not due to mislocalization or misprocessing of PINK1 and, furthermore, that phosphorylation of PINK1 does not affect its mitochondrial transport and insertion.
Threonine 313 and Serine 402 Are Required for PINK1 Phosphorylation-To evaluate which of the four residues under investigation are responsible for the observed effect on PINK1 phosphorylation, we mutated Ser-228, Thr-257, Thr-313, and Ser-402 individually to alanine and evaluated the effect on PINK1 phosphorylation in a cell-based approach, using CCCPinduced depolarization to trigger accumulation of phosphorylated PINK1. Mutation of Ser-228 or Thr-257 does not affect the phosphorylation of PINK1 because both mutant forms present a migration profile identical to that of wild-type PINK1 in Tris acetate or Phos-Tag gel (Fig. 3A) . Mutation of residue Thr-313 or Ser-402 appears to abolish the P-FL PINK1 band (Fig. 3A, top panel) , indicating that both T313A and S402A interfere with PINK1 phosphorylation.
However, when phosphorylation of these mutants was analyzed in a Phos-Tag gel, a slower migrating band was still detected for the S402A mutant (Fig. 3A, bottom panel) . This band is LPP-sensitive ( Fig. 3B, P-FL (B) ), indicating that there is residual phosphorylation occurring on S402A-mutated PINK1. The identification of two different phosphorylated PINK1 FIGURE 1. Phosphorylated PINK1 is present at the outer mitochondrial membrane. A, schematic representing FL PINK1, including the kinase domain and MTS. MPP cleaves off the MTS, resulting in ⌬MTS PINK1, and further processing by PARL at residue 103 results in the ⌬N1 PINK1 product. The four phosphorylation sites analyzed in this study (blue) and the sites mutated in KI (green) PINK1 are indicated. B, HEK cells transiently transfected with WT or KI FLAG-tagged human PINK1 and treated with 10 M CCCP for 3 h were fractionated in postnuclear or homogenate fraction (H), and subsequent H fraction was further centrifuged at 7000 ϫ g to obtain the mitochondrially depleted or cytosol-enriched (C) and mitochondrially enriched (M) fractions, respectively. Expression of PINK1 was evaluated after SDS-PAGE on 7.5% Tris acetate gel and immunoblotted using anti-FLAGM2. Immunoblotting for the mitochondrial marker HSP60 served as a fractionation quality control. For WT, but not KI, a doublet was observed that corresponded to the phosphorylated and non-phosphorylated FL form of PINK1 (P-FL and FL, respectively). Further processed PINK1 forms are indicated as ⌬MTS, ⌬N1, and ⌬N2. WB, Western blot. C, mitochondrially enriched fractions, obtained from HEK cells transfected with WT and KI PINK1-FLAG and incubated with 10 M CCCP for 3 h, were treated with LPP at 30°C. Samples were analyzed by SDS-PAGE on a 7.5% Tris acetate gel and 7.5% Phos-Tag gel and immunoblotted with anti-FLAGM2 antibody for PINK1 detection. A control for loss of phosphorylation by 30°C incubation alone was included. Phosphatase treatment confirmed that the upper band (P-FL) was a phosphorylated form of PINK1. D, fractionation of HEK cells treated for 3 h with either 10 M CCCP or 10 M lactacystin was analyzed by SDS-PAGE on a 7.5% Tris acetate or 7.5% Phos-Tag gel and further immunoblotted for PINK1 detection using anti-FLAGM2 antibody. Mitochondrial PINK1 was phosphorylated under control (DMSO) conditions but accumulated upon CCCP-induced depolarization. Proteasomal blockage with lactacystin also led to a modest increase of P-FL PINK1 in addition to accumulation of the ⌬N1 processed form. E, mitochondrially enriched fractions of MEF cells stably expressing FL PINK1-FLAG were subjected to a PK sensitivity assay to assess submitochondrial localization of P-FL PINK1. P-FL is PK-sensitive, whereas non-phosphorylated FL PINK1 and PINK1 lacking the mitochondrial targeting sequence (⌬MTS) are at least partially protected from PK even under hypotonic conditions (2 mM HEPES). As a control for protein digestion under each condition, fractions were also immunoblotted using antibodies against the outer membrane protein TOM20, intermembrane space protein HtrA2, and matrix protein HSP60. F, MEFs derived from PARL WT and PARL KO mice stably expressing WT PINK1-V5 were fractionated and expression of PINK1 was evaluated after SDS-PAGE and anti-V5 immunoblotting. ⌬MTS PINK1 accumulates in PARL KO cells and further N-terminal processing is altered leading to an accumulation of PINK1 C-terminal fragments in the mitochondria (M) of PARL KO cells. G, mitochondrially enriched fractions from PARL WT and KO MEFs stably expressing WT PINK1-V5 were subjected to PK treatment under isotonic and hypotonic (20 mM and 2 mM HEPES) conditions in the presence or absence of detergent. Equal amounts were loaded for PARL WT and KO. A higher exposure inset for PARL WT allows better analysis of PINK1 expression under these conditions. ⌬MTS PINK1 was cleaved by PARL and accumulated in PARL KO mitochondria but was only digested by PK in the presence of detergent. Depolarization induced by CCCP led to the accumulation of P-FL PINK1, sensitive to proteinase K under isotonic conditions. Therefore, the accumulation caused by the absence of PARL or by CCCP-induced depolarization concerns different PINK1 forms present in different submitochondrial compartments. As a control, the PK sensitivity of the outer membrane protein TOM20, intermembrane space protein HtrA2, and matrix protein HSP60 was evaluated by immunoblotting.
forms points to the occurrence of multiphosphorylation of PINK1, which involves several residues. Although mutation of Thr-313 fully abrogates all PINK1 phosphorylation, at least one phosphosite is not affected by S402A mutation, which results in the detection of residually phosphorylated P-FL (B) PINK1.
Full-length PINK1 Is Active but Is Not Autophosphorylated in Vitro-To investigate whether the phosphorylation we observed in our cell-based approach is the result of autophosphorylation activity by PINK1, we set up an in vitro kinase assay with radiolabeled ATP using purified human PINK1. We expressed both FL human PINK1 and an N-terminally truncated PINK1 form that lacks the first 112 N-terminal amino acids before the kinase domain (from here on referred to as ⌬N PINK1) in COS cells.
Although ⌬N PINK1 showed autophosphorylation activity, this was not observed for FL PINK1 (Fig. 4A, P32: PINK1) . Importantly, purified FL PINK1 is catalytically active because it is able to phosphorylate the Ubiquitin-like (Ubl) domain of Parkin (Fig. 4A, P32 : Ubl Parkin) (20) . This phosphorylation activity is specific because it is not observed for purified KI PINK1. CCCP-induced depolarization of COS cells prior to PINK1 purification has no effect on autophosphorylation or substrate phosphorylation (Fig. 4A, CCCP) . Contrary to previous reports (20, 27) we show that depolarization is not required for PINK1 activity or autophosphorylation.
We considered the possibility that perhaps FL PINK1 was already phosphorylated prior to purification and that dephosphorylation of the purified kinase was needed so that in vitro radioactive phosphor incorporation could be assessed. Therefore, we treated both ⌬N and FL PINK1 with LPP immediately after purification and subsequently washed away the phosphatase before incubating the purified kinase with radiolabeled ATP. However, pretreatment of FL PINK1 with LPP did not lead to the detection of autophosphorylation activity (Fig. 4B,   FIGURE 2 . Mutation of Ser-228, Thr-257, Thr-313, and Ser-402 affects phosphorylation without interfering with localization or processing. A, mitochondrially enriched fractions of DMSO (control) or 10 M CCCP-treated HEK cells transiently expressing WT and KI PINK1-FLAG WT with and without the quadruple mutation of the putative phosphorylation sites Ser-228, Thr-257, Thr-313, and Ser-402 (4ϫA) were analyzed by SDS-PAGE and immunoblotting against anti-FLAGM2 for PINK1 detection. Results show that P-FL PINK1 no longer accumulates for 4ϫA quadruple mutant PINK1. WB, Western blot. B, mitochondrially enriched fractions from MEF cells stably expressing WT, phosphomimetic (4ϫD and 4ϫE) or phosphodead (4ϫA) quadruple PINK1-FLAG mutants were treated with Na 2 CO 3 (pH 11.5). The majority of PINK1 was not extracted by Na 2 CO 3 indicating that the WT and the quadruple mutants are membrane-associated proteins. Expression of soluble HSP60 and HtrA2 and membrane-associated TOM20 was evaluated as a control for Na 2 CO 3 extraction. Mito, mitochondria; Sup, supernatant. C, Proteinase K sensitivity was tested on mitochondrially enriched fractions from MEF cells stably expressing either 4ϫD, 4ϫE, and 4ϫA quadruple mutant PINK1-FLAG. The distribution of FL and processed PINK1 forms was not altered because the pattern for mitochondrial fractions and PK sensitivity under isotonic and hypotonic (2 mM HEPES) conditions was unchanged. H, post-nuclear or homogenate fraction; C, mitochondriadepleted or cytosolic fraction; M, mitochondria-enriched fraction. As a control for protein digestion under each condition, the PK sensitivity of the outer membrane protein TOM20, intermembrane space protein HtrA2, and matrix protein HSP60 was evaluated. H, post-nuclear or homogenate fraction; C, mitochondria-depleted or cytosolic fraction; M, mitochondria-enriched fraction.
P32: PINK1).
Therefore, the lack of in vitro autophosphorylation activity of FL PINK1 is not due to prior phosphorylation and occupancy of the sites by non-radioactive phosphates. As a control, ⌬N PINK1 autophosphorylation and Ubl Parkin phosphorylation were still detected after LPP pretreatment, confirming successful removal of the phosphatase before performing the kinase assay (Fig. 4B, P32 : Ubl Parkin). Addition of LPP after incubation of kinase and substrate in the presence of radiolabeled ATP led to a reduction in phosphorylated Parkin and autophosphorylated ⌬N PINK1, which confirms that LPP is active under these experimental conditions.
The absence of detectable in vitro autophosphorylation of FL PINK1 suggests that the N-terminal region has an inhibitory effect on the autophosphorylation activity of PINK1 under our experimental conditions. Because we observe phosphorylation of Ubl-Parkin, we conclude that non-phosphorylated PINK1 is able to phosphorylate its substrate, although we cannot exclude that the efficiency is lower. Therefore, autophosphorylation is not required for substrate phosphorylation.
Truncated Human PINK1 Is Autophosphorylated at Residues Ser-228 and Ser-402-To further investigate PINK1 autophosphorylation, we analyzed the kinase activity of purified ⌬N PINK1 in more depth using PINK1 phosphomutants at the four candidate residues. ⌬N KI PINK1 no longer showed autophosphorylation, validating the specificity of our in vitro assay for human ⌬N PINK1 autophosphorylation (Fig. 4A) . Remarkably, mutation of residue Ser-228 interfered with ⌬N PINK1 autophosphorylation because the incorporation of radiolabeled ATP was reduced significantly, reaching only 36% of ⌬N WT PINK1 autophosphorylation levels (Fig. 5, A and C) . Mutation of residues Thr-257 and, intriguingly, Thr-313 to alanine did not affect ⌬N PINK1 autophosphorylation, indicating that these residues are not involved in the in vitro autophosphorylation of ⌬N PINK1. Finally, S402A mutation resulted in a marked inhibition of in vitro ⌬N PINK1 autophosphorylation by 75% (Fig. 5, A and B) .
Although the separate mutations of S228A and S402A both lower ⌬N PINK1 autophosphorylation, they do not lead to a complete inhibition. To scrutinize the interplay between these two sites, we constructed phosphomimetic mutants of ⌬N PINK1 at either the Ser-228 or the Ser-402 site by mutating the serine to an aspartic acid residue. ⌬N PINK1 autophosphorylation was fully restored for both S228D and S402D PINK1 despite the fact that, in both cases, one candidate phosphosite was blocked by a mutation (Fig. 5, B and C) . This confirms that both the Ser-228 and Ser-402 residues regulate PINK1 kinase activity. The fact that single alanine mutation of each site largely abolishes autophosphorylation suggests that both sites need to be phosphorylated to make ⌬N PINK1 fully active. Finally, residual autophosphorylation activity of ⌬N PINK1 was observed in the double S228A/S402A mutant, indicating that at least one other residue in PINK1 is autophosphorylated apart from these two sites (and besides Thr-257 and Thr-313). Double mutation of Ser-228 and Ser-402 to aspartic acid confirms the increased activity of PINK1 upon phosphory- lation and the existence of additional phosphorylation site(s) (Fig. 5D) .
Phosphorylation of PINK1 Residues Ser-228 and Ser-402 Can Regulate Substrate Phosphorylation-To understand how each of the different putative phosphosites can influence substrate phosphorylation, we incubated mutated FL PINK1 with Parkin. We found that neither Ser-228 nor Thr-257 mutation affected Parkin phosphorylation in the context of FL PINK1. Mutation of Thr-313, in contrast, completely abrogated the phosphorylation of Parkin. The effects of S402A were less severe, but, nevertheless, substrate phosphorylation was reduced by more than 50% (Fig. 6A, top panel) . We next investigated whether phosphorylation of Ubiquitin, another PINK1 substrate, is affected in a similar way. Despite the fact that a residual phosphorylation, most likely by a contaminating kinase, was detected with KI PINK1 in this assay, we observed that Ser-228 and Thr-257 mutants of FL PINK1 did not affect Ubiquitin phosphorylation. As is the case for Parkin, both Thr-313 and Ser-402 are important because Ubiquitin phosphorylation is reduced by more than 60% when either of these two residues is mutated (Fig. 6A, bottom panel) .
We next evaluated the role of Ser-228 and Ser-402 phosphorylation on substrate phosphorylation by introducing phosphomimetic mutations at these sites. Interestingly, both phosphomimetic mutations, S228D and S402D, are able to increase substrate phosphorylation (Fig. 6B) . Although neither Parkin nor Ubiquitin phosphorylation are reduced significantly for S228A PINK1, introduction of a phosphomimetic mutation at this residue results in a 3-and 4-fold increase of Parkin and Ubiquitin phosphorylation, respectively. S402D mutation restores Parkin and Ubiquitin phosphorylation levels to those of WT PINK1 (Fig. 6D) . Therefore, phosphorylation at both Ser-228 and Ser-402 residues regulates substrate phosphorylation.
Our results studying ⌬N PINK1 autophosphorylation indicated already that Thr-313 is not an autophosphorylation site (Fig. 5B) . Nevertheless, mutation of this residue drastically affects Parkin phosphorylation by PINK1 (Fig. 6A) , and, importantly, mutation of this residue also leads to the complete absence of PINK1 phosphorylation in cells (Fig. 3A) . To investigate the role of this residue on the kinase activity of FL PINK1, we evaluated the effect of an aspartic acid (T313D) or glutamic acid (T313E) phosphomimetic residue at this position. The Thr-313 phosphomimetic mutant PINK1 forms are unable to phosphorylate Parkin (Fig. 6C) , behaving the same as the phosphodead alanine counterpart mutant. Taken together, these results indicate that, although the Thr-313 residue is relevant for substrate phosphorylation, it is not regulated through phosphorylation.
Because of the different outcomes of the mutations of the candidate phosphosites with regard to in vitro autophosphorylation and PINK1 phosphorylation observed in cells, we decided to analyze the role of all four residues for Parkin phosphorylation in the context of ⌬N PINK1 as well. Although the effects of Thr-257, Thr-313, and Ser-402 mutation are similar to those observed for FL PINK1, it is of particular interest that Parkin phosphorylation is decreased significantly by more than 50% for ⌬N PINK1 harboring the S228A mutation (Fig. 6, E and  F) . Because we showed that phosphomimetic mutation of both S228D and S402D restores ⌬N PINK1 autophosphorylation levels to WT levels, we proceeded to check their effect on Parkin phosphorylation. As expected, both mutations increased Parkin phosphorylation. However, in contrast to our results FIGURE 5. Autophosphorylation of ⌬N PINK1 occurs at residues Ser-228 and Ser-402. A, an in vitro phosphorylation assay using [␥-32 P]ATP was performed with purified human ⌬N PINK1 harboring phosphodead mutations on four putative phosphosites. The phosphomutants S228A and S402A showed reduced phosphorylation, whereas mutation of Thr-257 and Thr-313 did not affect ⌬N PINK1 autophosphorylation when compared with WT. B, in vitro phosphorylation assay using [␥-
32 P]ATP and purified ⌬N PINK1 with phosphomimetic and phosphodead mutant PINK1 for residues Ser-228 and Ser-402 shows that a phosphomimetic mutant PINK1 can restore PINK1 phosphorylation levels observed for the corresponding phosphodead mutation. C, quantification of ⌬N PINK1 autophosphorylation relative to WT (mean Ϯ S.E., n ϭ 3 independent experiments). Statistical significance was calculated between each mutant and WT ⌬N PINK1 using Dunnett's test. *, p Ͻ 0.05; **, p Ͻ 0.01; ns, nonspecific. D, in vitro phosphorylation assay using [␥-
32 P]ATP and purified ⌬N PINK1 with a combined S228A and S402A mutation shows decreased ⌬N PINK1 autophosphorylation levels comparable with the levels for the single mutations, indicating the existence of residual phosphorylated residue(s) on PINK1. The combined phosphomimetic mutation S228D and S402D shows increased in vitro autophosphorylation levels, showing that phosphorylation of these two residues increases PINK1 kinase activity and phosphorylation of the residual phosphoresidue(s). Immunoblot analysis using anti-FLAGM2 shows that equal amounts of PINK1 were applied.
with FL PINK1 (Fig. 6B) , ⌬N PINK1 S228D and S402D both restored Parkin phosphorylation levels to those of WT ⌬N PINK1 (Fig. 6, E and F) .
In sum, we show that both Ubiquitin and Parkin are directly phosphorylated by human FL PINK1. Phosphorylation of the Ser-228 and Ser-402 residues can regulate the phosphorylation of both substrates, but their individual contribution depends on the context because Ser-228 phosphorylation only occurs for WT PINK1 when the N terminus of PINK1 is deleted. Although Thr-313 is required for substrate phosphorylation, it does not regulate PINK1 activity through phosphorylation. 32 P]ATP was performed on purified FL PINK1 with purified Ubl Parkin or His-tagged Ubiquitin. Autoradiographic exposure shows that, for FL PINK1, mutation of Ser-228 and Thr-257 does not affect Parkin or Ubiquitin phosphorylation. Mutation of Thr-313 completely abrogates substrate phosphorylation, whereas the S402A mutation leads to a substantial decrease. There is still phosphorylation detectable for KI PINK1, indicating the presence of a contaminating kinase capable of phosphorylating Ubiquitin at low levels. Immunoblot analysis using anti-GST or anti-His confirms that equal amounts of Parkin and Ubiquitin were applied. WB, Western blot. B, an in vitro phosphorylation assay using [␥-
32 P]ATP, FL PINK1, and Ubl Parkin or Ubiquitin shows that the S228D and S402D mutations increase substrate phosphorylation. The S228D mutation increases substrate phosphorylation beyond WT levels, which are comparable with that obtained for S228A PINK1. The decreased Parkin phosphorylation for FL S402A PINK1 can be rescued by a phosphomimetic mutation, S402D. C, an in vitro phosphorylation assay using [␥-32 P]ATP was performed on purified FL PINK1 mutated at the Thr-313 residue with purified Ubl Parkin. Phosphomimetic (T313D or T313E) mutation of Thr-313 does not rescue the decrease in Parkin phosphorylation observed for T313A. D, quantification of Ubl Parkin and Ubiquitin phosphorylation relative to WT. Statistical significance was calculated between each mutant and WT FL PINK1 using Dunnett's test. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ns, nonspecific. Data are mean Ϯ S.E. (n ϭ 3 independent experiments). E, an in vitro phosphorylation assay using [␥-32 P]ATP was performed using purified ⌬N PINK1 and purified Ubl Parkin. Similar to FL PINK1, Parkin phosphorylation is abolished upon T313A mutation in ⌬N PINK1, whereas the S228A and S402A mutations reduce it significantly. The S228D and S402D phosphomimetic mutations restore Parkin phosphorylation back to WT levels. F, quantification of Ubl Parkin phosphorylation by ⌬N PINK1. Statistical significance was calculated between each mutant and WT ⌬N PINK1 using Dunnett's test. *, p Ͻ 0.05; **, p Ͻ0.01; ns, nonspecific. Data are mean Ϯ S.E. (n ϭ 3 independent experiments).
The Thr-313 and Ser-402 Residues Are Important for Parkin Recruitment-It is well established that PINK1 and Parkin cooperate to flag defective mitochondria for mitophagic removal. When PINK1 accumulates on the outer membrane of depolarized mitochondria, it recruits Parkin from the cytosol. However, previous reports indicate that, besides PINK1 accumulation, PINK1 also needs to be activated by phosphorylation (20, 27, 28) . Therefore, we decided to investigate the implication of each of the four putative phosphosites in Parkin recruitment.
We created PINK1 KO HeLa cells using clustered regularly interspaced short palindromic repeats/Cas technology (33) . In these cells, absence of PINK1 expression leads to lack of Parkin recruitment to depolarized mitochondria (Fig. 7, A-C) . Transient transfection of PINK1 in these PINK1 KO HeLa cells leads to near endogenous PINK1 expression levels under the pMSCV LTR promoter and accumulation upon CCCP-induced depolarization (Fig. 7A) . Note that although a doublet can clearly be observed on Tris acetate gels, the accumulated PINK1 band does not resolve as a doublet on a conventional BisTris gel.
Reintroducing WT PINK1 in PINK1 KO HeLa cells rescues Parkin recruitment, confirming that the mitophagy defects we observed are caused by lack of PINK1 expression (Fig. 7, B and C). When we expressed the PINK1 mutants S228A or T257A in our PINK1 KO HeLa cell line, we observed a rescue of Parkin recruitment upon CCCP treatment to the same extent as for WT PINK1. However, Thr-313 or Ser-402 mutation results in a reduction of Parkin recruitment of 30 and 20% respectively (Fig.  7, D and E) . Interestingly, when we tried to rescue the defect in Parkin recruitment using the phosphomimetic constructs T313D and S402D PINK1, we found that expression of T313D PINK1 did not rescue Parkin recruitment at all, whereas S402D PINK1 was able to restore Parkin recruitment to WT levels (Fig.  7, D and E, T313D and S402D) .
Our findings identify that PINK1 residue Thr-313 is not only crucial for PINK1 and substrate phosphorylation in vitro, it also affects Parkin recruitment in cells. Additionally, the phosphorylation event of residue Ser-402 is required for PINK1 to be fully active. We found no role for Ser-228 phosphorylation in regulating FL PINK1 function in cells.
DISCUSSION
We show the first evidence that both Parkin and Ubiquitin phosphorylation can be regulated by PINK1 phosphorylation on residues Ser-228 and Ser-402. Additionally, we reveal that, although the residue Thr-313 is not required for autophosphorylation, it is essential for substrate phosphorylation and Parkin recruitment.
We used a systematic approach evaluating the role of four reported PINK1 phosphosites, as depicted in Fig. 8 . No changes in autophosphorylation, substrate phosphorylation, or Parkin recruitment were observed upon Thr-257 mutation, which indicates that its phosphorylation is not required for PINK1 kinase activity.
Interestingly, mutation of Thr-313 fully abrogated FL PINK1 phosphorylation at the mitochondria (Fig. 3A) and also severely affected Parkin and Ubiquitin phosphorylation in vitro (Fig. 6, A  and E) , as well as Parkin recruitment (Fig. 7E) . These observations, and the fact that T313M is a known PD-associated polymorphism (42) , underscore the importance of this residue for PINK1 function. However, autophosphorylation of ⌬N PINK1 was not altered by Thr-313 mutation (Fig. 5A ), indicating that catalytic activity is unaffected. Therefore, Thr-313 is not a regulatory phosphorylation site but, rather, a structurally important amino acid possibly involved in substrate binding. Thr-313 has been reported to be phosphorylated in a truncated PINK1 form by MARK2 (29) . In light of our results, we suggest that further studies are required to elucidate the mechanism by which MARK2 and PINK1 interact to influence each other's function and activity.
We provide in vitro evidence showing that Ser-228 and Ser-402 are true PINK1 autophosphorylation sites (Fig. 5) and that both are capable of regulating PINK1 kinase activity and substrate phosphorylation (Figs. 5C and 6, B and E) . Phosphorylation of the Ser-228 residue is of special interest because its involvement in PINK1 regulation differs for ⌬N and FL PINK1 (Figs. 6 and 8 ). Our cell-based assays reveal no alteration of PINK1 phosphorylation or of Parkin recruitment for S228A PINK1 (Figs. 3A and 7, E and F) , and refine the role of Ser-228 as a regulatory phosphosite in processed but not in FL PINK1.
The majority of PINK1 in vitro kinase activity studies have focused on truncated forms of PINK1 (25, 26, 36, 43, 44) or, alternatively, used insect orthologues displaying a higher catalytic activity compared with human PINK1 (45) . However, the phosphorylation discrepancies we observed between FL and ⌬N PINK1 call for a careful interpretation when studying different PINK1 forms. Indeed, our results suggest that PINK1 catalytic activity is regulated by the N-terminal region (Fig. 4) .
The fact that the T313A mutation does not affect ⌬N PINK1 autophosphorylation in vitro (Fig. 5A ) but clearly abrogates FL PINK1 phosphorylation in cells (Fig. 3A) indicates that the latter is unlikely to be a direct autophosphorylation event. However, because it is dependent on PINK1 kinase activity and intermolecular phosphorylation (28), we propose that Thr-313 could be required for the binding of other essential interaction partners.
Although the majority of PINK1 studies underscore the importance of CCCP-induced depolarization (20 -22, 27, 28, 46) , we find PINK1 phosphorylation in the absence of depolarization (Fig. 1) . Although depolarization leads to a rapid accumulation of phosphorylated PINK1 at the outer membrane (Fig. 1E) , our data show that it is not required for PINK activation.
The distinct localization of phosphorylated PINK1 at the MOM indicates that PINK1 phosphorylation is important for the initiation of mitophagy. Recently, several models have pro-FIGURE 8. Overview of the role of Ser-228, Thr-257, Thr-313, and Ser-402 residues in PINK1. Ser-228 is an autophosphorylation site in ⌬N PINK1, and it can regulate substrate phosphorylation in vitro. However, both in vitro and in cells, Ser-228 phosphorylation plays no role in the regulation of WT FL PINK1 activity. Nevertheless, we propose it as a regulatory phosphosite for processed PINK1. We found no implication for Thr-257 as a (regulatory) phosphosite in any of our experimental setups and, therefore, propose that this putative phosphosite has no functional role for PINK1 activity. Although Thr-313 is an essential residue for PINK1, its function is not regulated through phosphorylation because autophosphorylation is not affected upon Thr-313 mutation, and phosphomimetics rescue none of the observed functional defects. Like Ser-228, Ser-402 is an autophosphorylation site in ⌬N PINK1, but it also regulates FL PINK1 in vitro and in cells. We propose this residue as a regulatory phosphosite for both FL and processed PINK1.
posed that PINK1-mediated phosphorylation of Parkin and Ubiquitin regulates mitochondrial relocalization and ubiquitination (21) (22) (23) 47) . We find that the PINK1 mutants T313A and S402A not only affect Parkin and Ubiquitin phosphorylation but also result in reduced Parkin recruitment (Fig. 7E) . Phosphomimetic PINK1 S402D, which restores Parkin phosphorylation in vitro (Fig. 6D) , is able to rescue Parkin recruitment (Fig. 7E) , suggesting that Parkin phosphorylation is required but not essential for its recruitment to depolarized mitochondria.
In sum, this study uncovers some of the mechanisms by which PINK1 kinase activity is regulated. Although numerous examples illustrate that protein phosphorylation can alter the stability, dynamics, and binding of proteins (48) , this is seldom an on-off process. Multisite phosphorylation allows for signal integration and fine-tuning, regulating the ultimate biological effect of kinases. The interplay of Ser-228 and Ser-402 for PINK1 autophosphorylation in vitro indeed indicates that phosphorylation of one site stimulates phosphorylation of the other (Fig. 5C ). One could postulate that, besides the role of Ser402 in the regulation of mitophagy, additional unidentified phosphorylation sites and other posttranslational modifications could be required to regulate PINK1 function.
